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Bromoarenes are important aromatic building blocks that are commonly used to
synthesize various functional compounds in pharmaceutical, agrochemical and related
industries.1,2 This great demand for bromoarenes makes their preparation a widely studied
area of synthetic organic chemistry. However, further understanding of the reactivity and
regiochemistry of aromatic functionalization reactions is still necessary, as much about
the secondary substitution and solvent effects remain unknown.
Resonance Theory is a widely used theoretical model to predict the regiospecifity
and reactivity of the bromination of various aromatic compounds.3 The reactivity and
regiospecificity of many substituted aromatic compounds is well explained using
resonance theory.4 However, kinetic understanding of the p-bromination of halosubstituted aromatic compounds has not been investigated to the best of our
knowledge.5,6 In this thesis, the reactivity and regiospecifity of the p-bromination of
activated secondary substituted aromatic compounds as well as media effects on the
process will be discussed.
Synthesizing bromoarenes has been accomplished using many different experimental
setups.7–11 N-bromosuccinimide is the most highly utilized electrophilic aromatic
brominating agent. Many of the NBS- based aromatic bromination reactions have been
reported using strong acids, strong bases, halogenated solvents, nonpolar solvents and

viii

polar solvents alike.12 The bromination reactions reported herein were performed using
two different solvents, acetonitrile and acetone, to investigate the effects of solvent
polarity on p-bromination. Although acetonitrile is one of the most commonly used
solvents in the p-bromination of aromatic compounds, acetone has not been investigated.
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I.

INTRODUCTION

A. Electrophilic Aromatic Substitution
Bromination is one of the most well-known types of Electrophilic Aromatic
Substitution (EAS) where bromine (Br+) is used to replace a hydrogen atom of an
aromatic compound. EAS serves as a starting point for the prediction of aromatic
molecules’ reactivity towards bromination (Figure 1).13

Figure 1. Electrophilic Substitution

The Inghold- Hughes model was the first proposed mechanism to explain EAS.14
This mechanism includes a carbocation that was first recognized by Pfeiffer and
Wizinger as a potential reaction intermediate (Figure 2).15 Wheland further investigated
early theoretical studies on the nature of this intermediate, now known as the Wheland
adduct.16 The existence of the Wheland adduct has been strongly supported with
significant experimental data.
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Figure 2. Inghold- Hughes Mechanism of EAS Reaction

Explanations of high positional selectivity, low substrate selectivity and the
formation of the Wheland adduct as a carbocation complex calls into question the
presence of a possible electron transfer step prior to the formation of the Wheland
adduct.17 The p-complex, first proposed by Dewar18, was suggested as a prior
intermediate to the Wheland adduct by Olah and co–workers.17 This complex was
proposed to explain the low substrate selectivity. However the regioselectivity is still
attributed to the Wheland adduct, a s-complex.
Since the p-complex was first discovered, its role has been extensively examined.
Olah and co-workers investigated the rates and formation of a p-complex with charge
transfer (CT) character to explain the formation of the Wheland adduct for some EAS
reactions, including the bromination of arenes.
Fukuzumi and Kochi carried out a more extensive spectral investigation of the
formation of the charge transfer complex by investigating a wide range of arene donoracceptor complexes.19 Subsequent research was investigated by Hubig and Kochi to give
more detailed experimental demonstrations from a pure p-complex in contrasts to the
pure Wheland adduct.20 It was proposed that the p- CT complex was either a
centrosymmetric over the ring structure or an unsymmetrical over a bond or over an atom
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structure (Figure 3). The stability of these different structures of p- CT complexes was
suggested to depend on the nature of the electrophile and the aromatic substrate.21 The
over-bond structure of the p-complex can offer an explanation for both the low selectivity
towards substrate and the regioselectivity.22

Figure 3. Possible Structures of p-Complex

E+

Another explanation for the formation of the Wheland adduct was made by Perrin.
Perin proposed an explanation for the formation of the Wheland adduct by electron
transfer from the aromatic moiety to the nitration agent.22 This alternative mechanism
involves a single electron transfer (SET) from the aromatic substrate to the electrophile,
ultimately collapsing to produce the same Wheland adduct regardless of the prior
intermediate.23 He successfully explained the regioselectivity by the SET mechanism, but
the low subsrate selectivity could not be explained by this mechanism.
In 2003, Olah and co-workers combined all of the proposed mechanisms for the
formation of the Wheland adduct from the p-complex via p-complex charge transfer or
SET, and they modified it into the accepted EAS mechanism used today that involves all
three intermediates (p- CT complex, SET and Wheland adduct, Figure 4).24
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Figure 4. Possible Important Intermediates for EAS

Although the discussion for determining the most important intermediate for the
reactivity of aromatic compounds is still taking place, the gap between the ground states
of the aromatic compound and the electrophile to the intermediates governs the kinetic
activity of the EAS reactions. The difference between the activation energy of each
aromatic compound allows us to rank their relative reactivities towards bromination.
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Figure 5. Potential Energy Diagram of EAS.

The influence of substituents on the regioselectivity of EAS reactions is governed by
a set of empirical rules which are derived from resonance theory.25 This theory states that
substituents that withdraw electron density via resonance effect are meta-directing, while
substituents that donate electron density to the ring through resonance or
hyperconjugation of p orbitals are ortho-/para- directing. Common electron donating
groups (EDG) are -NH2, -NHCH3, -N(CH3)2, -NHCOCH3, -CH3, -OH, -OCH3, and
-OCOCH3, while common electron withdrawing groups are -NO2, -CHO, -CO2H,
-COCH3, -CO2CH3, and -CN.
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E+, being positive, is attracted to localized negative charge at ortho- and parapositions. Conversely, EWG’s direct away from the ortho-, para- positions and cause
attack at the meta- position (Figure 6).

Figure 6. Resonance Theory Directing Substitution (Ground-State)

Electron donating groups, depending on the degree of activation, can also show a
high tendency for substitution to occur at both the ortho- and the para- positions that
results in having a mixture of isomeric mono-substituted products. To address this issue,
the concentration of bromine is often kept at a low, constant concentration, most often by
use of N-Bromosuccinimide (NBS).26

B. N-Bromosuccinimide
Elemental bromine (Br2) was the mostly utilized brominating agent for the first
bromination reactions. It can undergo electrophilic addition to the double bonds of
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alkenes, or it can also undergo an electrophilic substitution to aromatic compounds.27
However, the production of HBr as a byproduct decreases its feasibility of a large scale
synthesis. Also isomeric mixtures of products are formed.
Since the 1950’s, the use of N-Bromosuccinimide (NBS) as an radical brominating
agent has been extensively utilized. This reagent was discovered by Ziegler who
brominated succinimide using elemental bromine under alkaline conditions.28 NBS
makes it possible to conveniently and safely add bromine to unsaturated bonds, or
substituted aromatic compounds making it highly useful in synthetic chemistry.
The mechanism by which bromination occurs using NBS has been an ongoing
discussion since it was first discovered. The first suggestion came from Bloomfield who
proposed that a succinimidyl radical formed by photolytic cleavage is the main driving
force for allylic bromination.29 Then, Goldfinger suggested that the active species that
drives bromination was the bromine atoms themself. He supported his mechanism using
Bloomfield’s suggested mechanism (Figure 7).30 To some extent the mechanism is still in
doubt.
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Figure 7. Mechanism of Bromination via NBS

Major advantages of using NBS as an electrophilic aromatic bromination agent are
low cost and the ability to collect and rebrominate the succinimide ion byproduct. It also
enables the use of safer solvents for isolation, as the succinmide byproduct shows high
solubility in water.
A vast variety of NBS-based aromatic bromination methods have been reported since
the method was discovered9–11. Each method has its own scope and conditions, but the
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most common methods use NBS under various acidic, basic, polar and non-polar
conditions.

Figure 8. Hypothetic Mechanism for Aromatic Substitution via NBS

C. Solvent Systems
Due to the insolubility of NBS in nonpolar solvents, polar solvents are preferred in
the bromination of aromatic compounds. DMF was one of the first polar solvents used in
bromination reactions.31 Due to its high boiling point, it was not feasible for isolation as it
is difficult to concentrate the reaction upon completion. THF was another commonly
used solvent because it has a much lower boiling point than DMF does, but succinimide
displays a low solubility in THF, making the reaction inefficient.32
Carreno and co-workers were the first to report the bromination of methoxysubstituted arenes and naphthalenes using NBS in acetonitrile.33 They showed high
regioselectivity, and a high product yield was accomplished in a relatively safe and
simple bromination procedure.
In this thesis, acetonitrile was used as a solvent for the bromination of various
secondary-substituted aromatic compounds. Acetone was also used to compare the
effects of polarity on the bromination of aromatic compounds. Acetone is also a more
cost effective solvent than those aforementioned and has a very low boiling point, making
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it a suitable solvent for the bromination of aromatic compounds using NBS. Acetone has
seldom been used in electrophilic brominations.

II.

EXPERIMENTAL PROCEDURE

A. Secondary Electronic Effect
i.

General Setup
All chemicals and reagents were obtained from Sigma-Aldrich and Fischer

Scientific and used without any further treatment. Experimental equipment used,
including glass syringes, round-bottom flasks, magnetic stir bars and needles,were
washed and rinsed with acetone, methanol or ethanol and were dried in a drying
oven at 35o C.
All reactions, with the exception of 2- and 3-fluoroacetanilide, were run at
room temperature (22o C) and under an inert argon atmosphere in a fume hood. In
comparative runs, open vessels sometimes produced yields slightly lower than
those under argon. Additionally, those under argon usually afforded cleaner GC
spectra. Briefly, A clean, dry magnetic stir bar was placed into the 50 ml roundbottom one-neck flask. N-Bromosuccinimide (10 mmol, 1.78 g) was added to the
flask, followed by 20 ml of degassed acetonitrile. The NBS and acetonitrile
mixture was stirred until all of the NBS dissolved. At this point in the procedure,
the flask was capped with a rubber septum and the mixture was purged with Ar
gas. Lastly, the substrate (10 mmol) was delivered slowly to the flask. Upon
addition of the substrate, time points were taken at 1, 3, 5, 10, 15, 30, 60 minute.
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ii.

Sample Preparation
Approximately 1 ml sample aliquots were transferred from the reaction flasks

to 10 ml Pyrex sample vials containing approximately 2 ml DI water to quench
the reaction. To make sure the reaction was quenched, sample vials were left
capped for 20 min. Then 5 ml MTBE was delivered into the sample vials to
separate the aqueous and organic layer. The vials were vortexed until the organic
and aqueous layers were clearly separated. This process was repeated for each
time point. An approximately 1 µL aliquot of the organic layer was transferred to
the GC vials. For further dilution of the sample solution into the GC vial,
approximately 2 µL MTBE was injected into the GC vial and were vortexed for
10 seconds. GC and GC-MS analyses of the samples was performed.
iii.

Isolation of the product
For the isolation of each product, the reaction mixture was quenched with the

addition of 20 ml DI water and the solution was transferred to a separatory funnel,
where 20 ml hexane was added to the separatory funnel and shaken until aqueous
and organic layers were separated clearly. The aqueous layer was disposed of, and
the organic layer was washed with DI water three times. The product was dried
over sodium sulfate for 10 minutes and the solution was transferred to a 100 ml
round-bottom, one-necked flask. The samples were concentrated under vacuum at
room temperature. Isolated products, either solid or oil, were transferred into a
NMR sample tube with addition of 1 ml of chloroform-d. The NMR tubes were
vortexed until the isolated product was completely dissolved.
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iv.

Instrumentation
Gas chromatography (GC) data was collected using an Agilent 6850 capillary

gas chromatograph equipped with a flame ionization detector (FID) in
conjugation with a BP-10 capillary column (25 m x 0.22 mm x 0.25 mm film).
The oven temperature was set to 50o C, and the column was heated to 300oC and
held for 20 minutes. The Gas Chromatograph- Mass Spectrometer (GC-MS)
analysis was performed using an Agilent 5973 MSD equipped with an FID
detector in conjugation with a 6890 N network system. The oven temperature was
set to 60o C, the column flow was set to 3.0 psi, and the flow temperature was set
to 250o C. 1H NMR data was collected using an Eft- 90 NMR spectrometer.
Chemical shifts were reported in parts per million (ppm). Coupling constants were
given in Hertz (Hz). The following abbreviations are used; s= singlet, d= doublet,
t= triplet, m= multiplet, and brs= broad singlet.
v.

Experimental Results
1. 4-Bromoanisole (A1).
Yellow oil. 1H NMR (CDCl3): d 7.32- 7.22 (d, J= 9.0 Hz, 2H), 6.70-6.60
(d, J= 9.0 Hz, 2H), 3.61 (s, 3H). MS (EI): m/z = 186/188 (M+).
2. 4-Bromo-2-methylanisole (A2).
White solid: m.p.= 65-67 0C. 1H NMR (CDCl3): d 7.20 (m, 2H), 6.706.60 (d, 9.0 Hz, 1H), 3.77 (s, 3H), 2.17 (s, 3H). MS (EI): m/z = 200/202
(M+)
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3. 4-Bromo-3-methylanisole (A3).
Clear oil. 1H NMR (CDCl3): d 7.36-7.27 (d, J= 8.1 Hz, 1H), 6.72-6.69
(d, J= 2.7 Hz, 1H), 6.58-6.45 (dd, J= 2.7 and 9 Hz, 1H), 3.67(s, 3H),
2.27 (s, 3H). MS (EI): m/z = 200/202 (M+).
4. 4-Bromo-2-fluoroanisole (A4).
Clear oil. 1H NMR (CDCl3): d 7.20-7.15 (t, J= 2.7 Hz, 1H), 7.06 (m,
1H), 6.72 (m, 1H), 3.76 (s, 3H). MS (EI): m/z = 204/206 (M+).
5. 4-Bromo-3-fluoroanisole (A5).
Clear oil. 1H NMR (CDCl3): d 7.40-7.20 (t, J= 9 Hz, 1H), 6.56 (m, 2H),
3.69 (s, 3H). MS (EI): m/z = 204/206 (M+).
6. 4-Bromo-2-Chloroanisole (A6)
Yellow solid: m.p.= 62-64 0C. 1H NMR (CDCl3): d 7.47-7.45 (d, J=1.8
1H), 7.28 (m, 1H), 6.79-6.69 (d, J= 9 Hz, 1H), 3.83 (s, 3H). MS (EI):
m/z = 220/222 (M+).
7. 4-Bromo-3-chloroanisole (A7)
Clear oil. 1H NMR (CDCl3): d 7.39-7.30 (d, J= 8.1 Hz, 1H), 6.9-6.87 (d,
J= 2.7 1H), 6.63-6.50 (dd, J= 2.7 and 11.7 Hz, 1H), 3.67 (s, 3H). MS
(EI): m/z = 220/222 (M+).
8. 2,4-diBromoanisole (A8)
White solid: m.p.= 61-62 oC. 1H NMR (CDCl3): d 7.63-7.60 (d, J= 2.7
Hz, 1H), 6.38-7.26 (dd, J=1.8 and 10.8 Hz, 1H), 6.76- 6.66 (d, J= 9 Hz,
1H), 3.82 (s, 3H). MS (EI): m/z = 264/266/268 (M+).
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9. 3,4-diBromoanisole (A9)
Clear Oil. 1H NMR (CDCl3): d 7.42-7.32 (d, J= 9 Hz, 1H), 7.1-7.07 (d,
J=2.7 Hz, 1H), 6.69- 6.56 (dd, J= 2.7 and 8.1 Hz, 1H), 3.68 (s, 3H). MS
(EI): m/z = 264/266/268 (M+).
10. 4-Bromo-2-Iodoanisole (A10)
White solid: m.p.= 62-64 oC. 1H NMR (CDCl3): d 7.83-7.80 (d, J= 2.7 Hz,
1H), 7.38-7.25 (dd, J=2.7 and 11.7 Hz, 1H), 6.62- 6.52 (d, J= 9 Hz, 1H),
3.76 (s, 3H). MS (EI): m/z = 312/314 (M+).
11. 4-Bromo-3-Iodoanisole (A11)
Pale yellow oil. 1H NMR (CDCl3): d 7.40 (s, 1H), 7.31-7.28 (dd, J=1.8
and 2.7 Hz, 1H), 6.70-6.57 (m, 1H), 3.66 (s, 3H). MS (EI): m/z = 312/314
(M+).
12. 4-Bromoacetanilide (B1)
White solid: m.p.= 167-168 oC. 1H NMR (CDCl3): d 8.0 (s, 1H), 7.35(s,
4H), 2.04 (s, 3H). MS (EI): m/z = 213/215 (M+).
13. 4-Bromo-2-Methylacetanilide (B2)
White solid: m.p.= 156-158 oC. 1H NMR (CDCl3): d 7.71-7.60 (d, J=
9.9 Hz, 1H), 7.33 (s, 1H), 6.96 (s, 1H) 2.21 (s, 3H), 2.17 (s, 3H). MS
(EI): m/z = 227/229 (M+).
14. 4-Bromo-3-Methylacetanilide (B3)
White solid: m.p.= 103-104 oC. 1H NMR (CDCl3): d 8.57 (s, 1H), 7.39
(m, 1H), 7.15-7.13 (d, J= 1.8 Hz, 1H), 2.29 (s, 3H), 2.13 (s, 3H). MS
(EI): m/z = 227/229 (M+).
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15. 4-Bromo-2-Fluoroacetanilide (B4)
White solid: m.p.= 156-158 oC. 1H NMR (CDCl3): d 8.29-8.10 (t, J=9
Hz, 1H), 7.41 (s, 1H), 7.29 (s, 1H), 7.19 (s, 1H), 2.20 (s, 3H). MS (EI):
m/z = 231/233 (M+).
16. 4-Bromo-3-Fluoroacetanilide (B5)
White solid: m.p.= 150 oC. 1H NMR (CDCl3): d 8.20 (b, 1H), 7.687.53 (dd, J=2.7 and 13.5 Hz, 1H), 7.40 (s, 1H), 7.15-7.03 (dd, J= 3.6
and 10.8 Hz, 1 H), 2.10 (s, 3H). MS (EI): m/z = 231/233 (M+).

B. Solvent Effect
i.

General Setup
All chemicals and reagents were obtained from Sigma-Aldrich and Fischer

Scientific and used without any further treatment. All experimental equipment
used, including glass syringes, round-bottom flasks, magnetic stir bars and
needles, were washed and rinsed with acetone, methanol or ethanol and were
dried in a drying oven at 35o C.
All reactions were run at room temperature (22o C) and under an inert argon
atmosphere in a fume hood. Briefly, A clean, dry magnetic stir bar was placed
into the 50 ml round-bottom one-neck flask. N-Bromosuccinimide (10 mmol,
1.78 g) was added to the flask, followed by 20 ml of degassed acetonitrile. The
NBS and acetonitrile mixture was stirred until all of the NBS dissolved. At this
point in the procedure, the flask was capped with a rubber septum and the mixture
was purged with Ar gas. Lastly, the substrate (10 mmol) was delivered slowly to
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the flask. Upon addition of the substrate, time points were taken at 1, 3, 5, 10, 15,
30, 60, 90, 120 minutes.
ii.

Sample Preparation
Approximately 1 ml sample aliquots were transferred from the reaction flasks

to 10 ml Pyrex sample vials containing approximately 2 ml DI water to quench
the reaction. To make sure the reaction was quenched, sample vials were left
capped for 20 min. Then 5 ml MTBE was delivered into the sample vials to
separate the aqueous and organic layer. The vials were vortexed until the organic
and aqueous layers were clearly separated. This process was repeated for each
time point. An approximately 1 µL aliquot of the organic layer was transferred to
the GC vials. For further dilution of the sample solution into the GC vial,
approximately 2 µL MTBE was injected into the GC vial and were vortexed for
10 seconds. GC and GC-MS analyses of the samples were performed.
iii.

Isolation of the Product
For the isolation of each product, the reaction mixture was quenched with the

addition of 20 ml DI water and the solution was transferred to a separatory funnel,
where 20 ml hexane was added to the separatory funnel and shaken until aqueous
and organic layers were separated clearly. The aqueous layer was disposed of, and
the organic layer was washed with DI water three times. The product was dried
over sodium sulfate for 10 minutes and the solution was transferred to a 100 ml
round-bottom, one-necked flask. The samples were concentrated under vacuum at
room temperature. Isolated product, either solid or oil, was transferred into a
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NMR sample tube with addition of 1 ml of chloroform-d. The NMR tubes were
vortexed until the isolated product was completely dissolved.
iv.

Instrumentation
The same instrumentation was used as with the secondary electronic effect

experiment.
v.

Experimental Results
17. 4-Bromo-3,5-diMethylanisole (C1)
Yellow oil. 1H NMR (CDCl3): d 6.48 (s, 2H), 3.59-3.56 (d, J= 2.7Hz, 1H),
2.26-2.19 (d, J= 6.3 Hz, 1 H). MS (EI): m/z = 231/233 (M+).
All products were isolated according to previous reports.1

III.RESULTS & DISCUSSION
A. Secondary Electronic Effect
The predictions of reactivity and regiospecificity have been some of the most
investigated topics of synthetic chemistry for more than 150 years. Aromatic molecules
have been used to show the link in reactivity between theory and experimental data and
have been used to build foundational concepts including valence bond theory, substituent
effects, resonance theory, and frontier molecular orbital theory. Moreover, enabling the
diversity and functionality of chemical products in pharmaceuticals, agrochemicals and
many other important industries depend on the understanding and predicting of reactivity
and regiospecificity of functionalization reactions of aromatic compounds. In this thesis,
reactivity and regiospecificity of the formation of halobenzenes is discussed.

1

Characterization was reported on Elnaz Jajali’s Thesis.
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Regiospecific substitution of aromatic compounds is well explained by resonance
theory which states that substituents that have positive formal charges and show electron
withdrawing character undergo substitutions at the meta- position. In contrast to electron
withdrawing substituents (EWS), substituents that possess an unshared electron pair in
conjugation with the ring show electron donating character that stabilizes the Wheland
intermediate at the ortho- and para- positions. These substituents are called electron
donating substituents (EDS). This theory is well demonstrated in Figure 6. The resonance
of the arenium ion further make the ortho- meta- or para- positions more accessible to
substitution reactions.
In this section of the thesis, reactivity and regiospecificity of halo-anisoles and haloacetanilides towards p-bromination are discussed. Resonance theory is capable of
explaining some aspects of the regiospecifity of the bromination of these aromatic
compounds. Resonance theory suggests that both anisoles and acetanilides have EDS
substituents that favor bromination at the ortho- and para- positions. However, both haloand meta- substituted anisoles and acetanilides show a high tendency of bromination at
the para- position (Table 1). Further inquiries into this observation is presented in this
part of the thesis.
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Table 1. p-Bromination of Moderately Activated Aryls Possessing
Either EWG’s or EDG’s2
Product

%GC Yield

Time (min.)

4-Bromoanisole

94

15

4-Bromo-2-Methylanisole

94

60

4-Bromo-3-Methylanisole

99

5

4-Bromo-2-Fluoroanisole

19

30

4-Bromo-3-Fluoroanisole

52

3

4-Bromo-2-Chloroansiole

40

60

4-Bromo-3-Chloroanisole

54

15

2,4-diBromoanisole

12

15

3,4-diBromoanisole

52

60

4-Bromo-2-Iodoanisole

35

60

4-Bromo-3-Iodoanisole

24

60

Acetanilide

88

15

4-Bromo-2-Methylacetanilide

94

1

4-Bromo-3-Methylacetanilide

99

5

4-Bromo-2-Fluoroacetanilide

0

60

4-Bromo-3-Fluoroacetanilide

91

10

The explanation of this tendency for substituted anisoles and acetanilides is the
resonant electron donation of the directing groups activates both ortho- and para-

2

The reactions were performed with acetonitrile as a solvent.
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positions, but steric or inductive effects of the directing groups deactivates the closer
ortho- position.
Reactivity of the aromatic functionalization reactions are governed by the energy
difference between the total energy of the ground state electrophile and aromatic
compound and the first transition state. Lowering the gap between these two energy
levels increases the reactivity of the functionalization. The same mechanism is valid for
bromination reactions of aromatic compounds.
In this thesis, electronic structure calculations were performed on certain of the
substrates, NBS, the cation intermediates and the succinimide anion in order to estimate
the free energy of reaction. Ground state geometry optimizations and normal mode
frequency and thermochemistry analyses for both the parent (neutral) reactants and parabrominated cations were carried out using Gaussian 16 with the APFD density functional
theory method and the aug-cc-PVTZ basis set. Solvent effects were included using
Gaussian’s default protocols with solvent parameters set for acetonitrile. Careful attention
was paid to locating stable conformations of the directing group relative to the ortho- and
meta- substituents. The estimated free energies of reaction for the formation of the EAS
intermediate cations are listed in Table 2.
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Table 2. Computed Intermediate Energies for the Anisoles and Acetanilides. 3
D

ortho-Methylanisole

Calculated Energies of
The Various
Intermediates
125.68

-8.12

meta-Methylanisole

118.44/114.24

-19.56

Anisole

133.80

ortho-Fluoroanisole

154.01/155.80

20.21

meta-Fluororanisole

142.47/141.05

7.25

ortho-Methylacetanilide

156.35/139.23

-7.0

meta-Methylacetanilide

125.15/122.82

-23.41

Acetanilide

146.23

ortho-Fluoroacetanilide

178.01/161.10

14.87

meta-Fluoroacetanilide

148.31/148.10

1.87

Substrate

The energy differences in Table 2 line up with our experimental results shown in
Table 1. Anisole shows a slightly higher reactivity than acetanilide in the experimental
results, and the calculations support that by showing a lower transition state energy for
anisole. Both meta- and ortho-methyl substituted anisoles and acetanilides show higher
reactivities than anisoles and acetanilides themselves with the meta- methyl substituted
compounds comparably more reactive than the ortho- substituted compounds. Halogens
are ortho- and para- directing EWG’s in spite of due to their high electronegativity.

3

Computational work was completed by Dr. Jeremy Maddox.
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Meta- halogen substituted anisoles and acetanilides, with the exception of Iodosubstituted anisole, which will be further discussed later, show lower transition state
energies and higher reactivities than ortho- substituted compounds due to having a better
pi- donation ability to delocalize the positive charge of the transition complex. These
trends are demonstrated in Figure 9.
Figure 9. Structure 1 and 2

Structure 1

Structure 2

Structure 1 shows the inability of ortho- substituents to delocalize the positive charge
to achieve a supplementary pi-interaction. Therefore, only the inductive effect of the
substituents takes place. Donation by the methyl substituent is modest whereas
withdrawal by the electronegative halogen substituents are strong. In contrast to structure
1, structure 2 demonstrates that the substituents interact directly with the delocalized
charge. Therefore, both meta- position compounds are significantly activated by the
modest pi-donation of both the methyl and halogen groups. In summary, the ability to
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delocalize the charged transition state affects the transition state energy which decreases
with increasing stabilized charge on the transition complex, and meta- substituents show
better electronic performance to stabilize the transition state complex than orthosubstituents, neglecting steric effects.
Among the meta-halogen substituted anisoles, the reactivity decreases with
increasing size of the halogen atoms. Fluoro-substituted anisole shows the highest
reactivity and iodo-substituted anisole shows the lowest. There are two possible
explanations for this trend that both involve the electronegativity and size of the halogen
atoms. Electron density of the halogen atoms decreases with the increasing size, and it
may cause the pi-donation to decrease for larger halogen atoms that show a lesser ability
to stabilize the charged transition state. The second explanation owes to steric effects.
Size increases among the halogen atoms as we move down the column. Iodine therefore
demonstrates the largest steric effect at the meta- position, making the bromination at the
para- positon less available than the ortho- position. These explanations might also be the
answer for why ortho- iodo substituted anisoles show a higher reactivity than those that
are meta-substituted. The presence of a larger sized atom at the meta- position causes the
para- bromination to be less available. The size comparisons of the halogen atoms are
demonstrated in Figure 10.
Figure 10. Steric Effects Index of Halogen Atoms in Ao
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Fluoro- substituted acetanilide was the only halogen substituted acetanilide
compound studied. Due to anisole and acteanilide displaying similar reactivities, the
demonstrated trend for substituted anisoles is also expected to be valid for substituted
acetanilides. As expected and calculated, meta- fluoro substituted acetanilide shows a
higher recativity and lower transition state than ortho- fluoro substituted acetanilide.
However, the extent of the reactivity difference was not expected. Orthofluoroacetanilide shows no reactivity towards bromination. To explain this behavior, the
2-D drawing of the two different oriented intermediates are shown in Figure 3.

Figure 11. Anti and Syn Intermediates for the p-substitution of
ortho-Fluoroacetanilide

Figure 3 depicts the anti and syn intermediates for the p-substitution of orthofluoroacetanilide. The anti form exhibits indications of stabilizing H-bonding with the
distance between the N-H and the ortho-fluorine being 2.12Å and that between the
carbonyl oxygen and the ortho-hydrogen being 2.18Å. These considerations plus the
electron density withdrawal by the carbonyl group accounts for the high barrier to its
intermediate. The syn state exhibits the highest barrier because repulsion between the
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carbonyl oxygen and the ortho-fluorine atom forces the acetyl group out-of-plane thereby
compromising stabilizing donation by this DG.

B. Solvent Effect
Previous reports have utilized cyclohexane as a solvent in the bromination of
substituted compounds. While the use of cyclohexane as a solvent increased the reaction
times from minutes to hours due to the incomplete dissolution of NBS in cyclohexane, it
afforded completely mono- substituted products, even for highly activated compounds.
Another widely used solvent for bromination reactions using NBS is acetonitrile.
Due to the aforementioned disadvantages of many polar solvents, acetonitrile has been
the most commonly used solvent for the bromination reactions of aromatic compounds.
In this thesis, acetone, a solvent of similar polarity, was also tested as it affords
advantages of low cost and ease of product isolation.
Surprisingly, acetone showed slightly higher yields than acetonitrile for the
bromination of substituted phenol and benzene compounds, but it did not show a higher
yield for the substituted anisole compounds (Table 3). One possible explanation of this
phenomenon could be that since succinimide is slightly more soluble in acetone than
acetonitrile, this would allow the succinimide ion to remain stabilized in solution, causing
the bromide ion to be slightly more reactive towards the substrate.34 This explanation is
currently being further investigated to provide insight into a cheaper and easier method of
bromination.
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Table 3. Experimental Results of Solvent Effect4
Acetonitrile
Product

%

Time

GC

94

%

Time

GC

Yield
Anisole

Acetone

Cyclohexane
% GC

Time

M+

NMR

18 h

186-

SG

Yield

Yield
15

100

1 min

97.5

min
2-Methylanisole

95

60

188
80

2h

97

24 h

SG

94

24 h

SG

min
3-Methylanisole

99

5 min

90

2h

3,5-

92

10

89

15

Dimethylanisole
1,2-

min
55

1 min

SG

min
95

1 min

216-

diMethoxybenzene
1,3-

218
94

diMethoxybenzene

20

97

min

2h

216-

min

218

2h

294-

diMethoxybenzene

(0.5

296-

NBS)

298

triMethoxybenzene

4

30

84

89

45

91

2h

15

1,4-

1,2,3-

EJ

100

min

1 min

95

24 h

246.1-

EJ

EJ

EJ

248.1

SG: the data is available in this thesis
EJ: the data is available in Elnaz Jajali’s thesis
KD: the data is available in Kathryn Dudley’s thesis
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Red data was collected by Selahaddin Gumus
Black data was collected by Elnaz Jajali
Blue data was collected by Kathryn Dudley

1,2,4-

82

triMethoxybenzene
1,3,5-

60

98

5 min

99

20 h

min
80

5 min

97

1 min

99

1h

100

10

95

70

60

80

10

20

60

33

24 h

172174

1 min

202-

EJ

KD

KD

204
26

1 min

min
4-Methoxyphenol

40

min

min
3-Methoxyphenol

246.1248.1

min
2-Methoxyphenol

EJ

248.1

triMethoxybenzene
Phenol

246.1-

202-

KD

204

2h

94

5 min

60

80

1 min

(0.5
NBS)
1,3-Benzodioxole

90

min

202-

EJ

204

Blue and black colored data was recorded by previous students. Red colored data was
recorded to compare solvent effect on the bromination of aromatic compounds. NBS was
allowed to react with acetonitrile and acetone to test whether or not the brominating agent
was reacting with the solvent and there was no evidence for formation of any brominated
product.
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C. Catalytic Iodine Effect
It has been discovered I2 is potentially an excellent catalyst for para- bromination of
weakly activated aryls.
Table 4. Experimental Results for Catalytic Iodine Effect
Substrate : NBS

Solvent

I2

Temperature

Time

Yield (%)

2-Fluoroacetanilide
1:1

Acetonitrile

-

22 oC

60 min

0

1:1

Acetonitrile

-

60 oC

90 min

14

1:1

Acetonitrile

0.1

22 oC

120 min

87

2-Nitroanisole
1:1

Acetonitrile

-

22 oC

60 min

0

1:1

Acetonitrile

0.1

22 oC

120 min

32

3-Nitroanisole

IV.

1:1

Acetonitrile

-

22 oC

60 min

0

1:1

Acetonitrile

0.1

22 oC

120 min

3

CONCLUSION
In this thesis, secondary electronic and solvent effects on p-bromination reactions of

moderately activated aryl compounds were investigated. For the secondary electronic
effect, substituents that donate electron density into the ring showed a high product yield
and faster reaction times towards bromination. Halogen-substituted anisoles and
acetanilides showed less activity due to the inductive effect of halogens, as anticipated.
Meta- substituted aryl compounds showed a higher reactivity than ortho- substituted
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compounds. This is explained by the computational calculations of the energies of
intermediate states of the substituted aryl compounds. Meta-substituted aryl compounds
were found to have a lower transition state energy that drove the reaction to greater
completion than ortho- substituted compounds. Among the halogen-substituted
compounds, steric effect at the ortho- position play the most important role on the
bromination, where an increase in the size of the atom results in a decrease in reactivity.
Hydrogen bonding among the 2-fluoroacetanilide substrate caused this compound to
show zero reactivity towards p-bromination.
As for the solvent effect, it was discovered for the first time to the best of our
knowledge that acetone ,in many aromatic compound, affords a higher product yield and
faster reaction than acetonitrile, the current most widely used solvent for bromination
reactions. This difference in reactivity is being further investigated and is expected to
provide a great impact in electrophilic aromatic substitution chemistry.
Iodine showed promising catalytic activity towards the bromination of weakly
activated aryl compounds.

29

V.

BIBLIOGRAPHY

1. Pulley SR, Czakó B. Tetrahedron Lett. 2004; 45: 5511–5514.
2. Garofalo AW, Litvak J, Wang L, Dubenko LG, Cooper R, Bierer DE. J Org Chem.
1999; 64: 3369–3372.
3. Brown JJ, Cockroft SL. Chem Sci. 2013; 4: 1772.
4. Pauling L, Wheland GW. J Chem Phys. 1933; 1: 362–374.
5. Wheland GW. J Am Chem Soc. 1942; 64: 900–908.
6. Hammett LP. J Am Chem Soc. 1937; 59: 96–103.
7. Gilow HM, Burton DE. J Org Chem. 1981; 46: 2221–2225.
8. Goldberg Y, Alper H. J Org Chem. 1993; 58: 3072–3075.
9. Bloomer JL, Zheng W. Synth Commun. 1998; 28: 2087–2095.
10. Fujisaki S, Eguchi H, Omura A, Okamoto A, Nishida A. Bull Chem Soc Jpn. 1993;
66: 1576–1579.
11. Lambert FL, Ellis WD, Parry RJ. J Org Chem. 1965; 30: 304–306.
12. Zysman-Colman E, Arias K, Siegel JS. Can J Chem. 2009; 87: 440–447.
13. J. Brown J, L. Cockroft S. Chem Sci. 2013; 4: 1772–1780.
14. Smith WB. J Phys Org Chem. 2003; 16: 34–39.
15. Pfeiffer P, Wizinger R. Justus Liebigs Ann Chem. 1928; 461: 132–154.
16. Wheland GW. J Am Chem Soc. 1942; 64: 900–908.
17. Olah GA, Kuhn SJ, Flood SH. J Am Chem Soc. 1962; 84: 1688–1695.
18. Dewar MJS. J Chem Soc Resumed. 1946; 0: 777–781.
19. Fukuzumi S, Kochi JK. J Org Chem. 1981; 46: 4116–4126.

30

20. Hubig SM, Kochi JK. J Org Chem. 2000; 65: 6807–6818.
21. Lenoir D. Angew Chem Int Ed Engl. 2003; 42: 854–857.
22. Perrin CL. J Am Chem Soc. 1977; 99: 5516–5518.
23. Kenner J. Nature. 1945; 156: 369–370.
24. Esteves PM, de M. Carneiro JW, Cardoso SP, Barbosa AGH, Laali KK, Rasul G,
Prakash GKS, Olah GA. J Am Chem Soc. 2003; 125: 4836–4849.
25. Phipps RJ, Gaunt MJ. Science. 2009; 323: 1593–1597.
26. Forbes DC, Agarwal M, Ciza JL, Landry HA. J Chem Educ. 2007; 84: 1878.
27. Saikia I, Borah AJ, Phukan P. Chem Rev. 2016; 116: 6837–7042.
28. Ziegler K, Späth A, Schaaf E, Schumann W, Winkelmann E. Justus Liebigs Ann
Chem. 1942; 551: 80–119.
29. Bloomfield GF. J Chem Soc Resumed. 1944; 0: 114–120.
30. Adam J, Gosselain PA, Goldfinger P. Nature. 1953; 171: 704–705.
31. Mitchell RH, Lai Y-H, Williams RV. J Org Chem. 1979; 44: 4733–4735.
32. Ariza X, Garcia J, Romea P, Urpí F. Synthesis. 2011; 2011: 2175–2191.
33. Carreno MC, Garcia Ruano JL, Sanz G, Toledo MA, Urbano A. J Org Chem. 1995;
60: 5328–5331.
34. Wang K, Hu Y, Yang W, Shi Y, Li Y. Thermochim Acta. 2012; 538: 79–85.

31

VI. APPENDIX

32

A1

33

34

A2

35

36

A3

37

38

A4

39

40

A5

41

42

A6

43

44

A7

45

46

A8

47

48

A9

49

50

A10

51

52

A11

53

54

B1

55

B2

56

57

B3

58

59

B4

60

61

B5

62

63

C1

64

